The Polyploid Gene Assembler (PGA), developed and tested in this study, represents a new strategy to perform gene-space assembly from complex genomes using low coverage DNA sequencing. The pipeline integrates reference-assisted loci and de novo assembly strategies to construct high-quality sequences focused on gene content. Pipeline validation was conducted with wheat (Triticum aestivum), a hexaploid species, using barley (Hordeum vulgare) as reference, that resulted in the identification of more than 90% of genes and several new genes. Moreover, PGA was used to assemble gene content in Saccharum spontaneum species, a parental lineage for hybrid sugarcane cultivars. Saccharum spontaneum gene sequence obtained was used to reference-guided transcriptome analysis of six different tissues. A total of 39,234 genes were identified, 60.4% clustered into known grass gene families. Thirty-seven gene families were expanded when compared with other grasses, three of them highlighted by the number of gene copies potentially involved in initial development and stress response. In addition, 3,108 promoters (many showing tissue specificity) were identified in this work. In summary, PGA can reconstruct high-quality gene sequences from polyploid genomes, as shown for wheat and S. spontaneum species, and it is more efficient than conventional genome assemblers using low coverage DNA sequencing.
Introduction
Even with the progress of the next-generation DNA sequencing technologies, the de novo genome assembly remains a bottleneck. It is observed mainly in the case of complex genomes, such as plants, which are more difficult to assemble without a reference genome. Usually, plant genomes are larger than most mammals genomes, 1 have high polyploidy, contain a high number of repetitive regions and a high level of heterozygosity. 2 In addition, they contain a large number of gene families with numerous members and pseudogenes with nearly identical sequences due to effects of recent whole genome duplication and transposon activities. For these reasons, de novo assemblies of plants using only short reads generally create a highly fragmented genome split into hundred thousand scaffolds. 3 Although the cost of sequencing has declined exponentially in recent years made it feasible to achieve high sequencing coverage for plant genomes, this strategy has not shown enough to generate quality genomes, such as the cases of Triticum aestivum 4 and Picea abies, 5 which genome assemblies are highly fragmented with a sequencing coverage around 150Â. Among the possibilities to increase the quality of these genomes, the development of new bioinformatics efforts can contribute to overcoming these constraints, especially, by exploring the continuous growth of closely related genomes and referenceassisted loci algorithms. 6 Plants from Saccharum genus have very complex genome with high level of polyploidy, among them the commercial cultivars of sugarcane have an economic relevance due to high amount of sucrose. They are generated from several crossings between Saccharum officinarum and Saccharum spontaneum, followed by artificial selections of hybrids. 7 The genome profile of those hybrids consists of 70-80% of chromosomes from the S. officinarum, 10-20% of S. spontaneum and a few with inter-specific recombinations. 8, 9 Saccharum spontaneum shows moderate sugar (8-10%) and high fibre (25-27%) contents, as well as high productivity (more than 180 t ha
À1
) and resistance to biotic and abiotic stresses. 9, 10 Moreover, S. spontaneum promises to improve fibre content in lignocellulosic feedstock that has an economically attractiveness for biofuels and other biochemicals production using recent technologies developed for biomass deconstruction. 10 The species is autopolyploid with chromosome numbers ranging from 40 to 128 and genome size ranging from 2.5 Gb to 12.5 Gb, with many aneuploidy forms. 8, 11 Due to its economic relevance of sugar and first-generation ethanol production, several groups have worked to disclose the molecular basis of commercial sugarcane varieties and significant contributions for genome and transcriptome profile were achieved. The SUCEST-FUN 12 and ORFeome 13 databases are great examples of large initiatives of researchers groups to understand the molecular biology of sugarcane. This database is a large platform that supports the development of System Biology projects of sugarcane providing information regarding the genome, gene expression and regulatory network. Apart from the SUCEST-FUN project, many other studies have made noteworthy contributions on the molecular basis of sugarcane. 14 Recently, a draft genome from sugarcane covering around 40% of the monoploid genome and more than 25,000 genes was published using a combination of BACs (Bacterial Artificial chromosomes), Illumina and PacBio sequencing. 15 However, most of these studies focused on commercial varieties of sugarcane, developed for the production of sugar and/or ethanol. A recent study of parental specie S. spontaneum investigated chromosomal structural rearrangements and disease resistance genes using whole genome sequencing. 16 However, the features related to productivity and accumulation of fibres were not analysed and are extremely necessary when we consider the production of biofuels from biomass and the transition for a green and sustainable economy.
In this work, we described a new and effective gene space assembly pipeline that allowed a reliable assembly of wheat (T. aestivum) and S. spontaneum genes using low coverage sequencing data. The identification of new genes, promoter regions, expanded gene families and transcriptome analysis of different tissues using referenceguided strategy were achieved. Our results showed the efficiency of Polyploid Gene Assembler (PGA) to reconstructed genes from complex genomes and contributed with new insights about the molecular basis of the S. spontaneum species, specifically involved with robustness and productivity of cane.
Material and methods

Plant material, genome and transcriptome sequencing
This study was performed using DNA and mRNA from S. spontaneum accessions US851008 and IN8482. Leaf, apical meristem, node, bud, internode and root tissues from three biological replicates (individual plants) were harvested from 9-month old and greenhouse-grown plants, immediately frozen in liquid nitrogen and stored at À80 C. For the DNA extraction, 100 mg of leaf tissue were grinded in liquid nitrogen using the Mini-Beadbeater-96 (Biospec Products, Bartlesville, EUA), for 1.5 min. Each sample was resuspended in 700 ll of Extraction Buffer (100 mM Tris-HCl pH8, 20 mM EDTA, 2% CTAB, 1% PVP 40, 1.4 M NaCl, 0.3% 2-mercaptoethanol) and incubated at 65 C for 30 min, homogenizing every 10 min. Then, 800 ll of chloroform-isoamylalcohol (24:1) was added to the tubes, gently mixed and centrifuged at 16,000 Â g for 10 min. The supernatant (450 ll) was transferred to a new 1.5 ml tube, containing 120 ll of Extraction Solution (5% CTAB, 1.4 M NaCl), added with 570 ll of chloroform-isoamylalcohol (24:1). Samples were centrifuged at 16,000 Â g for 10 min and the supernatant (400) transferred to a new 1.5 ml tube, followed by the addition of 400 ll isopropanol. Samples were centrifuged at 16,000 Â g for 5 min and the pellet washed with 1 ml of 70% ethanol. Air-dried pellets were resuspended in 300 ll of sterile water. Each sample was incubated with 2 ll of ribonuclease (RNAse 10 mg ml
À1
) at 37 C for 1 h. Quality control and quantification of the DNA were performed using dsDNA BR Assay (Invitrogen, Carlsbad, USA) and a Qubit fluorometer (Thermo Fisher Scientific, Waltham, USA), according to manufacturer's instructions. Total RNA (only from US851008) was extracted following the protocol described by Zeng 
Genome size estimation
Leaves from Solanum lycopersicum cultivar Stupicke, US851008 and IN8482 were processed for Flow Cytometry (FCM) at the Laboratory of Cytogenetics and Cytometry (Federal University of Vic¸osa, Vic¸osa, Brazil). Genome size of S. spontaneum was measured from nucleic suspensions prepared as described by Carvalho et al. (2008) . 19 The suspensions were analysed with a Partec PAS Cytometer (Partec_GmbH, Munster, Germany), equipped with a laser source (488 nm, for 2C value). Solanum lycopersicum was used as standard (2C = 2 pg). FCM parameters (e.g. gain and channel) were determined for each DNA sample based on external FCM analyses of primary standard and sample (data not shown). Each analysis was conducted with three technical replicates, accounting for more than 10,000 nuclei. 2C-value of S. spontaneum was calculated by dividing the mean channel of the G0/G1 fluorescence peak from the primary standard by that of the sample.
PGA pipeline
PGA was developed using PERL scripts for running in Linux system and integrates software to read mapping, de novo assembling and scaffolding. In mapping step, reads are split in sub-reads and mapped into the reference loci using Bowtie2 20 
PGA validation using T. aestivum genome
To validate PGA strategy, data from wheat (T. aestivum) were downloaded from Sequence Read Archive (SRA) from NCBI (National Center for Biotechnology Information) (Supplementary Table S1 ). The DNA-Seq reads were assembled with PGA using coverages of 3.6Â, 5Â and 7Â (Supplementary were converted to GFF format with a custom PERL script. The BAM files from dataset (iii) were processed by bam2hints tools, from AUGUSTUS 28 package (v. 3.0.1) with the option '-intronsonly', to convert the BAM files to GFF format. A custom PERL script filtered the hints files to retain only evidences of introns supported by three or more read alignments. The prediction of the coding loci was also performed using AUGUSTUS 28 trained and configured as '-strand=both -genemodel= complete -alternatives-from-evidence=true -gff3 = on'. The training set was formed by 1,000 transcripts fully covered by one protein (the transcript must contains START and STOP codons in the correct position identified through comparison of BLASTx against the Uniref90 database 30 ) from the Trinity 21 de novo assembly (Section 4.7). GFF files generated by Exonerate 27 and bam2hints
programs were used as evidences of exons and introns. Predicted genes were mapped against CDD (Conserved Domain Database) using RPSBLAST and proteins with similarity superior to 30% to transposons (TE) domains were removed our dataset. The filtered gene models were submitted to PASA pipeline 40 (v. 2.0.2) to improve the identification of untranslated regions (UTRs) and new splice variants. The confidence of the predicted genes was determined by comparing coding sequences to 626,769 transcripts from Saccharum genus using BLASTn (e-value cutoff <1e-5), with transcripts classified according to the alignment coverage: high confidence (HC; gene alignment coverage !60%). Medium confidence (MC; 30% alignment coverage !60%) and low confidence (LC; < 30% alignment coverage or no hit). Finally, BUSCO pipeline 41 was performed using the plant dataset (Embryophyta odb9) to verify full-length HC proteins and compare their sequences with other homeologues in complex genomes, maize and sugarcane.
Read depth coverage
To identify coverage from the gene regions in 'Saccharum spontaneum 1.0', the raw DNA reads (Supplementary Table S3 
Functional annotation of predicted genes
The functional annotation of predicted S. spontaneum proteins was performed using BLASTp (e-value cutoff <1e-5) against several databases, including Swiss-Prot, 36 Uniref9030, NR from NCBI, TAIR 38 and CDD. Gene ontology terms association and enrichment analysis were performed using BLAST2GO pipeline. 42 
Comparative genomics
We used the proteins from assembled genome sequences of five Poaceae species available from the Phytozome v.12 database 26 :
maize (PH207 v1.1), 32 great millet (v3.1.1), 31 foxtail millet (v2.2), 33 rice (v7) 37 and purple false brome (Brachypodium distachyon v3.1) 43 ; and bamboo (Phyllostachys heterocycla) (EMBL, accession ERP001340). 44 Homeologue gene groups were assigned between those species and S. spontaneum using the Markov clustering algorithm implemented in OrthoMCL. 45 Single-copy orthologue (SCO)
genes were used to a phylogenetic reconstruction. SCO genes were aligned individually with multiple alignment algorithms implemented in MAFFT 46 using the iterative refinement method and WSP and consistency scores (G-INS-i). All alignments were concatenated in a supermatrix for the maximum likelihood phylogenetic inference in RAxML v8 47 with the GTRþGAMMA model of substitutions and 1,000 bootstrap replicates for branch support. Gene groups with size changes during S. spontaneum evolution were identified by BadiRate 48 using the phylogenetic history, providing evolutionary inferences for expansion and retraction of gene families.
Transcript expression calculation
The BAM files from RNA-Seq alignment to 'Saccharum spontaneum 1.0' were inputted into Cufflinks 49 (v. 2.1.1) to produce transcript assemblies, one for each sample. We used the settings '-I 500000 -multi-read-correct' and the GFF file of S. spontaneum gene prediction to guide the assemblies. Subsequently, the cuffmerge/cuffcompare tools merged 18 cufflinks assemblies with the settings '-min-isoform-fraction 0.1'. The cuffcompare tool was used to classify the genes into new S. spontaneum isoforms, a transcript in the opposite strand than reference gene and as an intergenic transcript. The raw RNASeq reads were aligned against the transcriptome assembly using RSEM 50 (v. 1.2.19) with the parameter '-strand-specific' to perform multi-mapping alignments and estimate the expression values for each transcript using RPKM (Reads Per Kilobase per Million mapped reads).
ncRNA identification
ncRNAs were identified in the transcriptome assembly (Section 4.12) assuming four criteria: (i) classified as intergenic or in opposite strand than other transcript; (ii) no hits against NR database from NCBI (BLASTx e-value cutoff <1e-5); (iii) Coding Potential Calculator (CPC) 51 score À1 (although CPC classifies ncRNA as transcripts with values 0, we decided to be more conservative to avoid false positives) and (iv) genomic location larger than 1,000 bp from scaffold tips to avoid partial genes not previously predicted.
Promoter sequences analysis
A PERL script was developed to extract the start position of the alignment (first hit) from BLASTp/Uniref9030 output and, then, evaluate whether the predicted genes would be equivalent to complete protein prediction from the database. Because of the low conservation of the signal peptide, a margin of 20 amino acids was allowed at the beginning of each alignment. If the alignment started at up to 20 amino acids after the start codon, the protein beginning was in the correct position. The complete proteins were searched for the presence of at least 2,000 bp upstream of the start codon and those identified were subjected to a tissue-specific analysis using TAU metric. 52 ). 'No hits' sequences were selected by a custom PERL script and the annotation from Uniref9030 from each one was selected. The expression profile was subjected to a clustering analysis using Seaborn's clustermap package from Python.
Results and discussion
Polyploid Gene Assembler
PGA pipeline works with whole shotgun sequencing data of polyploidy and other complex genomes and focuses on gene assembly, including exons, introns, UTRs and promoters. It performs two main steps: (i) a reference-assisted assembly (here refereed as Reference Loci Assembly) and (ii) a de novo assembly with non-used reads in the first step. The pipeline integrates various software for read mapping, de novo assembling and scaffolding as described in Fig. 1A . PGA can be executed on a desktop machine with RAM memory configured according to the computational power available. Better performance is achieved using a server with at least 16 CPU cores, 64 GB of RAM memory and 500 GB of Hard Disk. Updates, new versions and results from PGA are available at the web site: http://www. lge.ibi.unicamp.br/pga (date last accessed 25 January 2019). PGA pipeline is valuable for any polyploid organism that has phylogenetically close-related species with available complete genome sequences.
PGA Reference Loci Assembly step. DNA-Seq reads are divided into three overlapping pieces with sizes equal to 50% of the original read size, called sub-reads (Supplementary Fig. S1 ). The overlap between sub-reads prevents reads with tip differences (mismatches or gaps) from being unmapped, improving alignment rate in low conserved regions or intron-exon junctions from reference. The sub-reads are mapped against a selected reference loci, usually an evolutionary close-related species with available genome data. Reference loci must include exons, introns, UTRs and up to 500 bp upstream and downstream UTRs from one or more species to gene discovery maximization. On this step, PGA can be configured to allow differences (default is up to 10% of gaps or mismatches) between the subread and the reference sequence. Full reads corresponding to subreads mapped to a locus are retrieved and included in a de novo assembly performed to each locus separately (Fig. 1B) . In cases of subreads mapping to different loci, the locus with the highest number of occurrences is selected. Original CDS sequences from the reference(s) genome(s) can be used for scaffolding. This step is optional; however, a significant increase in longer contigs is observed (contigs !5,000 bp) (Supplementary Table S7) .
PGA de novo Loci Assembly and Scaffolding steps. De novo assembly is performed only with reads that were discarded in the first step. Due the complexity of the polyploid genomes, this step generates very fragmented contigs (Supplementary Table S8 ). Despite that, we consider de novo assembly very important to identify genes that are exclusive in the studied organism. Optionally, is possible to perform a new round of scaffolding using raw DNA-Seq reads applied to de novo assembled contigs and reference-loci assembled contigs. After scaffolding step, it is possible to use RNA assemblies (assembled RNA-Seq or ESTs) to merge contigs. This step is also optional, depending on the availability of transcriptomic data of the organism of interest.
PGA uses a transcriptome assembler (Trinity 21 ) instead of traditional genome assembler due to its best performance in comparison with conventional genome assemblers in most of the cases tested (Supplementary Table S9 ). It happened, probably, because Trinity was developed to support variations of coverage over the locus once it assembles the transcripts generated by alternative splicing events. All traditional genome assemblers, such as SOAPdenovo 34 and Velvet, 53 are based on concept of uniform coverage, varying only on repetitive regions, and stop the formation of a contig when coverage changes significantly. This concept cannot be applied to polyploid genome, because homeologous chromosomes have regions with low (intergenic) and high (mainly exons) similarities, 10 which causes abrupt changes in coverage ( Supplementary Fig. S2 ). The PGA strategy was validated using public available DNA and RNA sequence data (SRA, NCBI, Supplementary Table S1) from T. aestivum subsp. aestivum (bread wheat), a hexaploid species (size of 17 Gb) with high amount of near identical or duplicated sequences 4 using three different genome coverages (3.6, 5.0 and 7.7Â) (Supplementary Table S2 ) and H. vulgare (barley) genome as reference 25. A total of 99,386 wheat genes available at Phytozome 26 were used for comparison with the PGA scaffolds and resulted in almost 70% identified with up to 80% of alignment coverage (Fig. 1C) . In addition, the most part of the partially aligned genes (<80% of alignment) have a very similar sequence but truncated in the borders (Supplementary Fig. S3 ), i.e. our assembly failed in the beginning or the end of the loci, possibly due the short scaffold sequences. Finally, the PGA assembly with coverage of 3.6Â was submitted to gene prediction using AUGUSTUS 28 to verify if the pipeline was able to identify new wheat genes. This analysis resulted in a total of 6,378 predicted genes in the PGA assembly that were not identified by the Phytozome 26 prediction. From these, 2,032 are probably new wheat genes because match in two criteria: (i) all of them have a BLASTp plant hits against Uniref9030 database; (ii) 171 genes did not align into the T. aestivum genome (Supplementary Fig.  S4 ) and 1,861 genes aligned into genome, but in the intergenic regions, lacking another predicted gene for at least 1,000 bp upstream or downstream ( Supplementary Fig. S5 ). All these genes are new contributions for the complex wheat genome obtained by PGA pipeline using a very low sequencing coverage. The remaining 4,346 could be also real genes, but were discarded because did not match to one or the both criteria used. were mapped into the sequence of the Loci 1 (1 and 2), but the pipeline uses the both pairs (whole reads) in the local assembly (3) producing two contigs (4). (C) Validation of the PGA using sequencing data of T. aestivum.
Genome sequencing and gene-space assembly of S. spontaneum
There is a large variation in genome size among the varieties of S. spontaneum species (2n = 40-128). 11 Therefore, the genome size of two S. spontaneum accessions, US851008 and IN8482, was experimentally estimated by flux cytometry resulting in 9.3 and 11.8 Gb, respectively ( Supplementary Fig. S6 ). Based on this result, DNA libraries of the smallest genome, i.e. S. spontaneum accession US851008, were sequenced by Illumina technology that produced 60 Gb of 100-bp paired end reads (Supplementary Table S3 ), representing a low coverage DNA sequencing of 6.4Â. In addition, RNA-Seq libraries from leaf, apical meristem, node, bud, internode and root tissues were sequenced and produced around 20 million of 100-bp paired-end reads and 50 million of 100-bp single-end reads per library (Supplementary Table S4 ). The application of PGA to S. spontaneum reads was performed using three closely related genomes as reference: S. bicolor,
31
Z. mays 32 and S. italica. 33 Based on the phylogenetic distance, the 33,012 S. bicolor loci were used first, followed by 80,713 Z. mays loci and finished with 35,471 S. italica loci. The pipeline was executed for 23 days and used a maximum memory of 60 GB. PGA produced 79,690 scaffolds >1,000 bp and this assembly was here referred as 'Saccharum spontaneum 1.0'. Despite the 'Saccharum spontaneum 1.0' represents a high-fragmented draft genome, as observed by the number of sequences (!500 bp) after scaffolding (179,429) and average sequence length (1,597 bp) (Table 1) , it was expected that most of the sequences represent different proteincoding genes. To reinforce this hypothesis, the RNA-Seq reads were mapped against 'Saccharum spontaneum 1.0' resulting in around 70% of matches (Supplementary Table S4 ), which it is similar value in comparison with wheat (average of 74.3%) and a close value in comparison with maize (average of 84%) (Supplementary Table S5 ).
Gene prediction and annotation
A total of 53,436 genes and 59,890 transcripts were predicted on 'Saccharum spontaneum 1.0' using a combination of software and external evidence using proteins from closely related organisms and transcripts from Saccharum genus (as described in Section 2). The predicted proteins were annotated against public protein databases, resulting in more than 80% and 50% of genes supported by protein hit on the Uniref9030 and Swiss-Prot, 36 respectively ( Fig. 2A) . Also, the predictions were compared with grasses genes indicating high similarity with S. bicolor 31 and S. italica 33 ( Supplementary Fig. S7 ).
The 53,436 predicted genes in Saccharum spontaneum 1.0 were classified considering the alignment coverage with 626,769 transcriptome sequences, resulting in 39,234 HC genes (alignment coverage !60%), 7,322 MC genes (30% alignment coverage !60%) and 6,880 as LC genes (2,903 genes with an <30% alignment coverage and 3,977 no hits). A summary of the HC genes is shown in Table 2 .
To evaluate the completeness of HC proteins, the BUSCO 41 analysis was applied using a set of 1,440 highly conserved plant orthologous proteins. The analysis included Z. mays 32 and
Sugarcane proteins. 15 A majority (90%) of the 1,440 proteins in the plant BUSCO database was covered by HC proteins, and of these 80% were classified as complete and single copy. This result was similar to the Z. mays and better than Sugarcane proteins (Fig. 2B) .
Once the BUSCO analysis is based on a small set of single copy orthologous proteins, the completeness of HC proteins was expanded to all annotated proteins (BLASTp against Uniref9030) that were classified based on the alignment coverage: (i) 'Complete' predicted gene, when the predicted protein (query) covers very well the database subject (first hit from database); (ii) '3 0 incomplete' genes, when the predicted protein covers only the begin of database subject; (iii) '5 0 incomplete' genes, when the predicted protein covers only the final of the database subject and (iv) 'Fragmented' genes, when there is partial alignment on both sides. For comparison, the same procedure was performed using predicted proteins from Z. mays 32 and
T. aestivum 4 genomes available at Phytozome, 26 chosen for the complex genomes in the grass family. A larger amount of complete predicted genes in S. spontaneum were observed when compared with Z. mays, a largely studied genome, and T. aestivum (Fig. 2C) . PGA can assembly gene regions in polyploid organism using low sequencing coverage, because the high level of sequence conservation among homeologous genes increase the sequencing coverage in these regions. To show this effect, we calculated the sequencing coverage over gene regions by alignment of S. spontaneum reads against 'Saccharum spontaneum 1.0' and counting the read depth for each base pair in that regions (see Section 2). As shown in Supplementary  Fig. S8 , the distributions of read depth by base pair in the gene regions considering all predicted genes have peak at 82Â. This new sequencing coverage represents $12 times the value previously calculated (6.4Â) using the whole genome size and, interestingly, near the expected value of ploidy for S. spontaneum.
For comparison purposes, the S. spontaneum reads were assembled by conventional strategy using SOAPdenovo 34 ( Table 3 ). The
SOAPdenovo was executed 12 days and used a maximum memory of 448 GB, 7.5Â more memory than PGA. The assembled sequences were submitted for gene prediction using AUGUSTUS 28 (trained for S. spontaneum as described previously) that identified 54,658 genes. Despite this number is very similar than that obtained using PGA, the mean size of them (564.1 bp) was smaller than our dataset (53,436 genes with mean size of 840.3 bp). In addition, we performed completeness analysis using BUSCO 41 on SOAPdenovo gene prediction that showed a small covered over the BUSCO dataset (34.2%), being the majority fragmented (21.4%). These results reinforce the strategy based on reference-assisted loci that was used. In summary, the PGA pipeline produced high-quality S. spontaneum sequences focused on gene content in comparison with conventional genome assemblers (Table 3) and with other published complex genomes (Fig. 2) . The high-coverage sequencing over the gene regions, the use of transcriptome assembler and the criteria chosen for sequence selection (see Section 2) generated a representative sequence for each locus, avoiding erroneous duplication of homeologous alleles, that can be observed by low values of duplicated proteins (2.8%) in BUSCO 41 analysis.
Comparative genome and gene family analysis
From the total of 39,234 HC genes predicted for S. spontaneum, 23,707 was clustered into gene families with genes from at least one other species and 15,527 genes were not assigned to any family and, thus, considered orphans (Fig. 3) . SCOs appeared in 5,500 clusters that were used to infer the phylogeny in Fig. 3 . Saccharum spontaneum showed a high amount of orphan genes, like Z. mays e O. sativa, and 80% of them were assembled in the de novo step of our pipeline showing the importance of this step to reconstruct species-specific genes. Orphan genes represent genes that are in either a neutral process of pseudogenization or an adaptive process of evolutionary novelties of the lineage. Many orphan genes in plants have been reported as evolutionary novelties related to environmental stress response and species-specific traits 54 and the large amount of orphan genes in S. spontaneum may be also related to traits selected during domestication. We evaluated the gene expression profile of the orphan genes and 52.5% have RPKM >= 3 in at least one RNA-Seq libraries, being 31.8% with highly expression values (RPKM >= 10). In addition, the most of 15,527 genes (53.3%) have similarity with the gene prediction from sugarcane (BLASTn, e-value cutoff of 1e-10) with some of them covering more than 90% of the sugarcane gene, such as: SS46658 (annotated as Peroxidase), SS21041 (annotated as Alpha-galactosidase) and SS4010 (annotated as transcriptional factor). A total of 29,268 gene families with two or more genes were obtained, revealing 14,965 gene families with recent paralogues in at least one species, 138 families with recent paralogues exclusive to S. spontaneum, summing up 143 new duplication events in S. spontaneum: 133 duplications and 5 triplications (Supplementary Table  S10 ). We also found 238 exclusive or expanded (or exclusive/-expanded) gene families from S. spontaneum, with $95% representing unknown-domain protein or no hits in blast searches against NR/NCBI database (Supplementary Table S11 ). We detected expression in 122 out of 167 genes among no hits families in at least one RNA-Seq library, which indicates that those families are not artefacts of the technique. Expansions and retractions of gene families, analysed using phylogeny and the birth and death models, were used to calculate rates of gain and loss of genes through evolution (Fig. 3 and Supplementary Table S11 ). In general, Poaceae species showed a higher gene gain than loss, with absolute numbers varying from 5,000 to 10,000 genes for each lineage. All ancestral lineages showed a lower amount of both gain and loss, suggesting that the current lineages have higher gene innovations. Those patterns of innovation may be associated with the domestication history of each crop. The highest proportion of gains was found within the grass clade, grouping S. spontaneum, S. bicolor, Z. mays and S. italica.
A total of 37 gene families were expanded in S. spontaneum when compared with its ancestral lineages. Most of them (30) were classified as no hits, unknown function, mobile element or ribosomal related in blast searches against NR/NCBI databases, although expression evidence was found in the RNA-Seq data. Three families were selected as promising candidates of expansion in S. spontaneum due to the number of genes, sequence completeness and agronomical relevance: leucine-rich repeat receptor-like kinase (LRR-RLK) family (ORTHOMCL0, 35 putative evolutionary novelties out of 61 genes), GRAS-domain protein family (ORTHOMCL18, 9 out of 26) and callose synthase (CalS) family (ORTHOMCL23, 12 out of 19) (Supplementary Figs S9 and S10; Table S12 ).
The LRR-RLK and GRAS domain are multigene and complex gene families, regulating many features in plant growth and development and stress response. LRR-RLK family encodes cell surface receptors responsible for cell-cell and cell-environment communication, affecting axillary and shoot apical meristem (SAM), tillering and brassinosteroid signalling pathway. 55 Whereas, GRAS domain protein family modulates shoot and root development, through gibberellin and light signal transduction, axillary meristem initiation, SAM maintenance and root radial patterning. 56 Recently, ScGAI, a GRAS protein and hormonal hub from sugarcane, was found in SAM and elongating internodes, implicated in shoot-root ratio modulation and tillering. 57 Although difficult to devise gene function through phylogeny, the LRR-RLK and GRAS domain gene novelties from S. spontaneum showed on average higher gene expression levels in node and/or buds (axillary meristem) ( Supplementary Fig. S9 ), indicating a potential role in initial growth development, coherently with the species capacity for intense tillering and faster culm development. Callose, a minor cell wall polymer, is usually associated with specialized tissues (cell plate during cytokinesis, vascular system, pollen and pollen tube formation and plasmodesmata) and response to pathogen and herbivore attacks. 58 Although composed mainly of cellulose, callose is found in significant amounts in cell walls of energy crops, such as maize and Miscanthus x giganteus (up to 5%) leaves, in which callose fibrils intertwined in cellulose forms an atypical outer layer. 58 Callose-enriched biomass is a new target for biotechnological engineering resulting in significant increase in second generation ethanol yield using an optimized system of enzymes and yeast. 59 In this study, putative CalS gene novelties were ubiquitously and highly expressed (RPKM values from 103 to 174; Supplementary Fig. S11 ) in all tissues evaluated and might represent new and interesting targets for sugarcane and energy cane breeding.
Reference transcriptome assembly
The transcriptome assembly was produced using the Cufflinks 49 package using Saccharum spontaneum 1.0 as the reference. As a result, 156,531 transcripts were identified with a length >200 bp. The comparison between the reference and de novo transcriptome assembly, shown in Supplementary Table S13, reveals that a set of higher quality sequences is constructed when the 'Saccharum spontaneum 1.0' is used to guide the transcriptome assembly. The transcriptome assembly using our reference genome proved to return high-quality and more informative data, with longer transcripts and ORFs, and more hits against Swiss-Prot. 36 In addition, there is high concordance in gene structure, such as exon-intron junctions and intron length, between gene predictions and splicing alignments of RNA-Seq reads, as shown in Supplementary Fig. S12 . In addition to improving the quality of the transcripts, the use of Saccharum spontaneum 1.0 allows the identification of candidates for isoforms and long non-coding RNAs. For that the transcripts identified as a transcript in the opposite strand than reference gene (5, 566) and as an intergenic (41, 931) by the cuffcompare were submitted to the ncRNA identification. A total of 3,178 transcripts (mean size: 624 bp) could be assigned as non-coding (2,822 bigger than 200 bp, i.e. lncRNAs) (Supplementary Table S14 ). As expected, those transcripts have little expression values, as shown in Supplementary Fig.  S13 , in all RNA-Seq samples around 50% of non-coding RNAs have RPKM > 1 and around 20% have RPKM > 3.
Promoter sequences
PGA pipeline can extend the scaffold sequences upstream from the gene, providing information on the promoter regions that can be used for many biotechnology applications. The use of constitutive or tissue-specific promoters is essential to carry out studies to investigate plant metabolism under defined conditions. Moreover, the use of right promoter to express heterologous proteins in a controlled condition and specific tissues is mandatory for the development of genetically modified varieties.
In this study, a total of 3,108 promoter regions were identified considering at least 2,000 bp upstream from the beginning of the gene. The initial positions of predicted genes were verified by alignment against Uniref90 database (see Section 2). These promoter regions were classified according to their respective gene expression profiles (constitutive or tissue-specific) and intensities: weak (10 < RPKM < 100) and strong (RPKM >= 100). A summary of the promoter regions identified is shown in 
Comparison with sugarcane databases
To identify S. spontaneum genes that were not described previously, we compared the HC genes produced by Saccharum spontaneum 1.0 with the genes from the Sugarcane genome 15 (25, genes that were identified only in our assembly (Supplementary Table  S15) . From those genes, 536 have known functions with proteins already characterized in other plants (mainly monocots), 502 were classified as hypothetical proteins, and 926 were no hits (Fig. 4A) .
Moreover, the expression values of the 1,913 genes in S. spontaneum (Fig. 4B) , show distinct pattern across the selected tissues (apical meristem, lateral bud, internode, node, leaf and root). Saccharum spontaneum is one of the most robust grasses, having a high tolerance to abiotic and biotic stresses, mainly drought resistance and the ability to grow in nutrient-poor soils. 9 Remarkable, from the genes presenting high expression values (!50 FPKM), several are involved in stress response and 135 new genes were identified in roots. The ability to cope with several stresses of S. spontaneum could be a consequence of its large and dense root system when compared with S. officinarum and the commercial varieties of sugarcane, which make possible the soil exploitation and the higher uptake of water and nutrients. In addition, several genes could be related to symbiosis establishment (Table 5) , recently described to increased drought resistance of S. spontaneum. 66 Among those genes, we can highlight genes related to recognition and early steps of symbiosis establishment (SS34074, SS37878, SS50399); stress and disease response (SS11486, SS38841, SS35410, SS41259) and cell wall degradation (SS48435); electron transfer and primary metabolism (SS35024, SS38176). Genes coding for nutrient transporter between fungus and plant were also identified (SS28265, SS11782, SS31510, SS13699), although they were already annotated in SUCEST-FUN 12 and ORFeome 13 databases.
Between other new genes, expressed exclusively in roots cells, we identified one corresponding to a Late Embryogenesis Abundant (LEA) (SS1022; 28.01 6 4.12 RPKM). Characterized as a hydrophilic protein widely distributed in the plant kingdom, LEA is accumulated in vegetative tissues as a response to water limitation due to salinity, drought or high temperatures. 67 Other significant genes annotated by our analysis and expressed only in S. spontaneum roots are the BURP domain-containing genes, specifically; those related to families 10 and 13 (BURP10 and BURP13). BURP domaincontaining genes are related to many functions in plants, in O. sativa, the BURP10 was reposted to be highly expressed in roots at the tillering stage. 68 Our results also demonstrated the expression of BURP10 (SS23435) in roots tissue (around 17.23 6 3.12 RPKM), suggesting that this gene could be responsible for the dense root system and tillering potential described in S. spontaneum.
Conclusions
Even with large advances in the sequencing technologies, the assembly of complex genomes still represents a bottleneck, mainly due to polyploidy and high heterozygosity. The development of new bioinformatics efforts can contribute to overcoming these constraints, especially, for complete genomes of the closely related organism, in which the methods based on reference assembly can be applied. Using the PGA pipeline, we provided a high-quality assembly of gene regions in the T. aestivum and S. spontaneum, proving that PGA can be more efficient than conventional genome assemblers in cases of complex genomes and using low coverage DNA sequencing. The low memory requirement by PGA in comparison with de novo assembly strategy is also an advantage. Our findings of S. spontaneum genome highlighted for the first time the molecular basis of some noteworthy features of this biomass, like the high productivity and the resistance face biotic and abiotic stress. Those results can be employed in future functional and genetic studies beyond supporting the development of new varieties of sugarcane for the agronomic industry.
Availability of data
The DNA and RNA Illumina reads were submitted to SRA (Sequence Read Archive) from NCBI under BioProject accession number PRJNA474618. Also, S. spontaneum genome and gene prediction are available to download at the Saccharum database (http:// www.lge.ibi.unicamp.br/spontaneum -date last accessed 25 January 2019) constructed using the scripts provided by EUCANEXT. 
